Boron rejection by nanofiltration (NF) and reverse osmosis (RO) membranes in the presence of glycerol, mannitol and sorbitol was investigated as a function of feed solution pH and boron:polyol molar ratio. In the presence of polyols, significant boron rejection improvement was obtained and the extent of the impact was directly related to the stability constant of the boron-polyol complex. Polyols could complex with boron in either the boric acid or borate anion forms; however the complexation between polyol and boric acid appeared to be incomplete. With and without the presence of polyols, boron rejection was strongly pH dependent. The increase in boron rejection due to polyol addition was higher for the NF membrane compared to the RO membrane. A boron:polyol molar ratio of 1:1 appeared to be adequate. The presence of polyols did not cause any observable membrane fouling. Results reported here suggest that the addition of polyols could allow NF membranes to be effectively used for boron removal. 
Introduction
Boron is commonly present in natural waters in the form of boric acid at a wide range of concentrations. The boron abundance in surface water is generally less than 0.5 mgL -1 , but the level in seawater is significantly higher with an average concentration of approximately 4.6 mgL -1 . Concentrations of up to 6.5 mgL -1 have been reported in groundwater supplies, but these high concentrations are usually associated with seawater intrusion [1] [2] [3] . Although boron is an important nutrient for plants and animals, the range between deficient and toxic levels is very narrow. Some species such as blackberry and citrus are highly susceptible to boron with a tolerance level less than 0.5 mgL -1 B [4] . Boron is known to be able to damage the reproductive system of animals at sufficiently high concentrations. Current data for boron toxicity to humans was derived from experiments on animals, with a no-observe-adverse-effect-level of 0.22 mg/(kg bodyweight)/d [5] . In the Guidelines for Drinking Water Quality published in 1993, the World Health Organisation (WHO) recommended a maximum boron level of 0.3 mgL -1 in drinking
water. In 1998 this value was increased to 0.5 mgL -1 mostly because of the limited capability of existing technologies to remove boron [6] . In 2011, the WHO revised the guideline value of boron in drinking water to 2.4 mgL
The removal of boron requires sophisticated technologies [8] [9] . Of the many technologies investigated for boron removal to date, ion-exchange (IX) resin and reverse osmosis (RO) were considered to be the two most promising [9] . IX has excellent boron removal capability;
however, this technique is associated with the high operating cost of resin regeneration and low compatibility with other processes. On the other hand, RO with its well-known high selectivity and compatibility has attracted much research and was extensively applied for boron removal.
Under standard laboratory conditions, boron rejection by seawater RO membranes has been . This adjustment is due to the lack of reliable toxicity data for boron on human health and the difficulties associated with the removal of boron during water treatment. It is noteworthy that the WHO guideline is exclusively based on human health consideration while for practicality most water authorities also consider aesthetic properties (e.g.
visual appearance and odour) and ecological health when setting their drinking water standards.
As a result, given the toxicity of boron to plant species as discussed above, almost all seawater desalination plants around the world are still required to target a boron level in the product water of well less than the current WHO guideline value [7] .
reported to be in the range of 88-91% [10] . This figure could be approximately 10% lower in full-scale desalination plants because of the higher recovery required by these plants [11] [12] .
The rejection of boron by nanofiltration (NF) membranes is low and thus their usage for boron removal is not a common practice. Boron rejection by RO membranes is mostly governed by the membrane used, feed solution pH, operating pressure, temperature, and membrane fouling [7, [13] [14] [15] [16] [17] [18] .
Although the complexation of boron with polyols has been successfully employed as the basis of selective ion exchange [19] [20] [21] and supported liquid membranes [22] for boron removal, this reaction has not been utilised in RO technology to improve boron rejection. In a pioneering work on this topic, Geffen et al. [23] proposed the addition of D-mannitol to the feed solution to increase boron rejection via the complexation between D-mannitol and boric acid. Geffen et al.
reported [23] that the reactant's concentration has a strong influence on boron rejection, whereas the reactant's ratio exhibited a slighter effect. Dydo et al. [24] found that N-methylglucamine resulted in a higher boron rejection improvement than using mannitol and sodium D-gluconate.
Both studies [23] [24] reported a correlation between boron rejection and solution pH. In the former, mannitol was chosen as the model polyol due to its high equilibrium constant [23] . In the latter, N-methylglucamine was selected to represent weakly basic compounds that can be ionised to a significant extent under acidic conditions only [24] . While these two studies demonstrated the potential of using polyols to increase boron rejection by RO and possibly NF membranes, the underlying mechanisms of the interactions between boron, polyol, and the membrane remain poorly understood.
This study aims to investigate the effects of polyols for improving boron rejection by NF/RO membranes. Boron rejection in the presence of polyols was examined as a function of solution pH and boron:polyol molar ratios. The experimental results were mechanistically explained on the basis of the complexation equilibrium and the properties of boric acid and polyols.
Subsequent to the discussion of experimental results, potential applications of the technique are also discussed. Boric acid is principally present at pH well below 9.23, whereas at higher pH, borate ions are dominantly present. Boric acid is poorly hydrated and so possesses a small molecular size, whose
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Chemicals and reagents
Stokes radius is estimated to be about 0.155 nm (which is only double that of the water molecule) [25] . Having three hydroxyl groups, boric acid can form up to six hydrogen bonds with water leading to a strong association with water.
It is well-known that boric acid and borate ion can react with multiple hydroxyl compounds (polyols) to produce complexes. The complexation, which increases the acidity of boric acid, has been utilised for many years as the basis of boric acid quantitative analysis that cannot be done by direct titration [26] . The complexation of boron with polyols involves two distinct mechanisms: boric acid with polyol (Eq 1 & Eq 2) and borate ion with polyol (Eq 3 & Eq 4).
Contribution of each mechanism in the overall complexation depends on the solution pH where boric acid or borate ion is dominantly present.
Stability constants of borate complexes (K 3 and K 4 ) have been investigated by several studies
[27-29], whereas those of boric complexes (K 1 and K 2 ) are not available in the literature. The reported K 3 of glycerol, mannitol and sorbitol is considerably higher than K 4 (Table 1) , and the overall complexation yield is in the order glycerol < mannitol < sorbitol. It is noteworthy that K 2 and K 4 would be promoted when molar concentration of the polyol is in excess of that of boron.
[ 
Cross-flow membrane filtration system
A nanofiltration membrane (NF90) and a reverse osmosis membrane (ESPA2) were used in this study. Both are thin-film composite membranes whose rejection capacity is accomplished by a thin polyamide layer which is mechanically supported by a porous polysulfone layer. The NF90 membrane (Dow FilmTec, Minneapolis, MN, USA) is a tight NF membrane which is usually used for water softening or brackish water treatment. The ESPA2 membrane (Hydranautics, Oceanside, CA, USA) is a low pressure RO membrane which can be used for the second pass of RO seawater desalination systems. Both membranes were received as flat sheet samples and were stored dry. Detailed properties of the membranes are shown in Table 2 .
[ TABLE 2] A laboratory-scale, cross-flow membrane filtration system which has been described in detail in a previous study [32] was used in this study. The membrane cell was made of stainless steel and had an effective membrane area of 40 cm Prior to each experiment, the membrane sample was rinsed with milli-Q water to remove any preservative coating layer, then the membrane was compacted using 9 L milli-Q water at a pressure of approximately 1,000 kPa higher than the normal operating pressure of each membrane. Membrane compaction was conducted for at least 1 h until a stable baseline flux was obtained. The electrolyte solution, which contains 10 mM NaCl, 1 mM CaCl 2 , 1 mM NaHCO 3 , predetermined concentration of B(OH) 3 and one of the polyols, was then added to the feed reservoir making up to the total feed volume of 10 L. For all experiments, the cross-flow velocity and permeate flux were adjusted to be 42 cms -1 and 42 Lm -2 h -1 , respectively. The temperature of the feed solution was kept constant at 20 ± 0.1 o Experiments were conducted at two different boron concentrations: 0.43 mM (4.6 mgL C during the experiment. The feed solution pH was raised to 10 by adding 1M NaOH, and then was incrementally dropped to pH 6 by adding 1M HCl. The system was operated under a recirculation mode where both permeate and retentate were recirculated to the feed tank. Feed and permeate samples (25 mL each) were collected for analysis once the filtration system had been stabilised for 1 h at each investigated condition. 
Analytical methods
).
The concentrations of boron, sodium and calcium were analysed using an Agilent 7500cs ICP- 
Qualitative measurement of the boron-polyol complexation constants
Experiments to qualitatively evaluate the capability of sorbitol, mannitol and glycerol to complex with boric acid were conducted. In the experiments, a 2 M solution of each polyol was allowed to react with 10 mM boric acid in 100 mL solution. The pH and conductivity of the reactions were continuously measured. Initial pH and conductivity of plain boric acid and polyols solution were also recorded. Since the complexation produces a negatively charged complex and a proton (Eq 2), the yield of the boron-polyol complexation is directly proportional to the increase in conductivity or the decrease in pH of the solution. By comparing the pH and conductivity of the boric acid solution before and after adding polyols, the stability constant of the complexation (K 1 K 2
Results and discussion
) can be qualitatively estimated.
Boric acid -polyol complexation
The complexation capability of each polyol with boron appeared in the order sorbitol > mannitol > glycerol (Figure 1 ). This is also the order of the complexation stability constants at high pH when boron exists exclusively as borate ion (Table 1) . Considerable changes in the conductivity and pH (Figure 1 ) imply that negatively charged complexes and protons were produced (Eq 2), and therefore K 1 K 2
[FIGURE 1] was significant especially when either sorbitol or mannitol was used as the complexating reagent. The complexation occurred almost spontaneously within the first 5 seconds (data not shown). It is noteworthy that these complexations occurred at pH < 6 where boron existed exclusively as boric acid.
Plain boron and polyol rejection
The rejections of plain boron and three polyols were found in the order sorbitol = mannitol > glycerol > boron ( Figure 2 ) which is also the order of their molecular weights. Boron rejection was constant at pH ≤ 8 and rapidly increased as the solution pH increased beyond 8, whereas polyol rejections appeared to be pH independent. This observation can be attributed to the dissociation of boron and polyols which governs their rejection by charged repulsion mechanism.
Possessing pK a values greater than 13 (Table 1) , the polyols remained in the undissociated form in the investigated pH range and therefore their rejections by the membranes remained constant.
On the other hand, the proportion of borate ions increased rapidly as the solution pH increased beyond the pK a [ FIGURE 2] value of 9.23 of boric acid and resulted in the substantial increase in boron rejection. The changes in boron rejection as a function of pH reported here are consistent with previous studies in the literature (e.g. [7, 13] ).
The effects of polyol addition 3.3.1 The rejection of typical salts and membrane fouling propensity
The rejection of Na and Ca without the presence of any polyols slightly increased with increasing pH (Figure 3 ). This result is consistent with several previous studies (e.g. [32-33]), and could be attributed to the increase in the membrane surface charge at increasing pH. This trend can still be observed in the presence of polyols; however, the rejection of Na and Ca was slightly higher than that in the polyol-free condition, especially in the presence of mannitol or sorbitol ( Figure 3 ). This phenomenon can be attributed to the ability of polyols to complex with cations Na + and Ca A stable water flux was obtained after five hours of filtration by both membranes regardless of the polyols and their dosage ( Figure 4 ). All three polyols used in this study are hydrophilic (Table 1) and thus their hydrophobic interactions with the membrane surface are expected to be negligible. Although the NF90 membrane showed slightly more permeate fluctuation than the ESPA2 membrane, this fluctuation was less than 2% ( Figure 4) indicating that the addition of polyol to the feed did not lead to significant membrane fouling.
[FIGURE 4]
Role of solution pH
A significant improvement in boron rejection was achieved in the presence of polyols in the feed solution ( Figure 5 ). At the same polyol dose and pH value, higher increases in boron rejection were obtained generally in the order sorbitol > mannitol > glycerol ( Figure 5 ) which is also the order of the stability constant of the boron-polyol complexes (Section 3.1). The result implies that boron-polyol complexes were formed and their rejection is directly related to the stability constant of the complexes.
Boron rejection by the NF90 membrane in the presence of polyol appeared to be more sensitive to pH and the type of polyols than that by the ESPA2 membrane. The highest improvement in boron rejection by the NF90 membrane (at pH 9 using sorbitol) was 45%; whereas it was only 20% by the ESPA2 membrane at the same condition ( Figure 5 ). This is because the ESPA2 membrane has a significantly higher rejection of plain boron than the NF90 membrane. The presence of polyol resulted in a less apparent increase in boron rejection by the ESPA2 compared to the NF90 membrane, particularly at pH 6 and 7 ( Figure 5 ).
Rejection of the boron-polyol complex appeared to be strongly affected by the solution pH. An increase in the solution pH leads to an increase in boron rejection regardless of the membrane, type of polyols and their dose ( Figure 5 ). This is not solely due to the speciation of boric acid as a function of pH but also because of the complexation between boron and the polyol. At pH below the pK a [FIGURE 5] value of boric acid of 9.23, boron exists predominantly as boric acid. According to Eq 2, the complexation between boric acid and polyol can produce protons, and thus lead to a decrease in pH ( Figure 1) . As a result, the complexation reaction is more favorable at high pH. In other words, the complexation efficiency increases as the solution pH increases, leading to a higher boron rejection. It is noted that the complexation between boric acid and polyol was not complete even when the molar concentration of the polyol was five times that of boric acid.
Boron rejection in the presence of sorbitol ranged from 45 to 98% (Figure 5a ), whereas the rejection of sorbitol was 98% (Figure 2a) . A similar observation can also be made with mannitol and glycerol. Results reported here indicate that the increase in boron rejection in the presence of polyol depends mostly on the complexation efficiency.
Although a high pH condition was more favourable for the complexation between boron and polyols, the increase in boron rejection due to the addition of polyol to the feed solution was relatively uniform within the pH range of 6 to 10 investigated here, particularly for the NF90 membrane ( Figure 5 ). For instance, the increase in boron rejection by the NF90 membrane due to sorbitol addition was approximately 35% throughout the pH range of 6 and 10 ( Figure 5a) . A possible explanation for this observation is the interplay between the speciation of boric acid and the complexation between boric acid and the polyol as the feed solution pH increases. At pH from 6 to 8, boric acid is dominantly present. The rejection of plain boron is low whereas the rejection of boron in the presence of a polyol depends on the efficiency of the complexation reaction. As the solution pH increases, the complexation efficiency increases; however, the rejection of plain boron also increases because of the speciation of boric acid. As a result, the net increase in boron rejection appears to be constant over the entire pH range investigated in this study (Figure 5a ).
Role of boron:polyol ratio
Although the boron:polyol molar ratio could affect the types of complex formed (Section 2.1),
there was no discernible difference in boron rejection between sufficient and excess sorbitol concentrations. The boron:sorbitol molar ratio of 1:1, 1:2 and 1:5 showed a similar boron rejection across the whole pH range ( Figure 6 ). This can be attributed to the high rejection of sorbitol by the NF90 membrane ( Figure 2 ). It is noteworthy that even at a very low sorbitol concentration (i.e. boron:sorbitol molar ratio of 1:0.2), a considerable increase in boron rejection could be observed ( Figure 6 ). Nevertheless, at pH 10, the increase in boron rejection at the boron:sorbitol molar ratio of 1:0.2 was substantially lower than that at the ratio of 1:1. This is because at high pH, the complexation between boron and sorbitol is complete and boron rejection is governed mostly by the molar ratio between boron and sorbitol. Results reported here indicate that a small dosage sorbitol (i.e. in the range of 3.4 to 17 mgL -1 corresponding to boron:sorbitol molar ratio of 1:0.2 to 1:1) could be adequate to achieve a significant increase in boron rejection by the NF90 membrane. According to the market overview by ICIS (www.icis.com/chemicals/sorbitol/), the cost of sorbitol in the first quarter of 2012 is from 0.82 -0.91 US$/kg. Therefore, the addition of polyols such as sorbitol to feed water to improve the rejection of boron by a NF membrane can be a practical approach for the removal of boron.
[ FIGURE 6 ]
Conclusions
The addition of polyols including glycerol, mannitol or sorbitol to the feed can substantially improve boron rejection. The efficiency of each polyol to improve boron rejection was directly related to the stability constant of their complexation with boron. Polyols could complex with boron in either the boric acid or borate anion form; however the complexation between polyol and boric acid appeared to be incomplete. The increase in boron rejection due to polyol addition was higher for the NF membrane compared to the RO membrane. A boron:polyol molar ratio of 1:1 appeared to be adequate and a higher concentration of polyol did not lead to any further increase in boron rejection. A considerable improvement in boron rejection was observed even when the boron:sorbitol molar ratio was as low as 1:0. 
